The expression and secretion of prostate-specific antigen (PSA) are regulated by androgens in normal prostate secretory epithelial cells. In prostate cancer patients, the serum PSA level is usually elevated and cancer cells are initially responsive to androgens. However, those cancer cells become androgen-independent after androgen ablation therapy. In hormone-refractory cancer patients, even in an androgen-deprived environment, the circulation level of PSA rebounds and is constitutively elevated through a yet unknown mechanism. Tyrosine phosphorylation of ErbB-2 is involved in regulating the androgen-responsive phenotype of prostate cancer cells, and it is at least partly regulated by the cellular form of prostatic acid phosphatase (PAcP), a prostate-unique protein tyrosine phosphatase. We investigated the ErbB-2 signal pathway in androgen-independent PSA secretion. LNCaP C-81 cells, which are androgen-independent LNCaP cells lacking endogenous PAcP expression with a hypertyrosine phosphorylated ErbB-2, secreted a higher level of PSA in conditioned media than did androgen-sensitive LNCaP C-33 parental cells. A restored expression of cellular PAcP in C-81 cells was concurrent with a decrease in tyrophosphorylation of ErbB-2 and reduction of PSA secretion. Moreover, transient transfection of C-33 cells with the wild-type ErbB-2 or a constitutively active mutant of MEK1 cDNA resulted in an increased level of secreted PSA. The elevation of secreted PSA level by the forced expression of ErbB-2 was inhibited by an MEK inhibitor, PD98059. In C-81 cells, the expression of a dominant negative mutant of ErbB-2 reduced the secreted level of PSA. The inhibition of ErbB-2 or mitogenactivated protein (MAP) kinases by specific inhibitors AG879, AG825, or PD98059 led to a decrease in PSA secretion. Taken together, our data clearly indicate that the ErbB-2 signal pathway via MAP kinases (ERK1/2) is involved in regulating the secretion of PSA by androgenindependent human prostate cancer LNCaP C-81 cells in an androgen-depleted environment.
Introduction
Prostate cancer is the most commonly diagnosed malignancy and the second leading cause of cancer death in men in the United States (Greenlee et al., 2001) . The high mortality rate of advanced prostate cancer is a result of the acquisition of an androgen-independent phenotype (Auclerc et al., 2000) . Most prostate cancer cells are initially androgen-dependent . Thus, androgen ablation therapy remains the mainstay of treatment for this stage of cancer (Denis and Griffiths, 2000) . Unfortunately, cancer cells eventually escape the steroid requirement and progress into the androgen-independent phenotype during androgen ablation therapy (Pilat et al., 1999) . Currently, the treatment for hormone-refractory prostate cancer is limited (Auclerc et al., 2000; Denis and Griffiths, 2000) . Furthermore, the molecular mechanism of the progression of prostate cancer to the androgen-independent stage remains largely unknown. Thus, understanding the molecular mechanism of the acquisition of androgen independence is imperative for the development of novel therapeutic approaches to this disease.
Prostate-specific antigen (PSA), an androgen-regulated enzyme (Young et al., 1991) , has been used clinically as one of the most reliable biomarkers for diagnosing prostate cancers, and monitoring the treatment response of prostate cancer patients (Papsidero et al., 1980; Wang et al., 1981; Oesterling, 1991; Chu and Lin, 1998) . In patients with prostate carcinomas, an increase of the serum PSA level is usually observed (Kuriyama et al., 1982; Oesterling, 1991; Chu and Lin, 1998) . Since the expression and secretion of PSA are regulated by androgens, during androgen ablation therapy the PSA level subsides initially. However, the cancer eventually relapses and the PSA level increases even in the androgen-depleted environment, indicating hormone-refractory growth of prostate cancer (Sadar et al., 1999; Stenman et al., 1999) . The molecular mechanism for the elevation of serum PSA level in patients with recurrent cancer during androgen-deprivation therapy remains to be further delineated, since PSA expression and secretion are known to be regulated by androgens (Young et al., 1991) .
Several lines of evidence have shown that protein kinase A signaling can be involved in the androgenindependent induction of PSA promoter activity in human prostate cancer cells (Nazareth and Weigel, 1996; Sadar, 1999) . Alternatively, IL-6 signaling (Hobisch et al., 1998; Lin et al., 2001b) , as well as the Akt (Wen et al., 2000) and MAP kinase signal pathways (Yeh et al., 1999) , can also upregulate the activity of the PSA promoter. Although activation of these signal pathways may modulate the promoter activity of PSA gene when androgens are absent or present at low levels in vitro, the effect of these pathways and their biological relevance to the secreted level of PSA has not been established.
The c-erbB-2 protooncogene encodes a transmembrane glycoprotein with an intrinsic tyrosine kinase activity (Gullick et al., 1987; Press et al., 1990) . Physiologically, ErbB-2 proteins mediate their signal transduction by preferentially forming heterodimers with other members of the ErbB family, i.e., ErbB-1, ErbB-3, and ErbB-4 (Tzahar et al., 1996) . Nevertheless, ErbB-2 proteins can be constitutively activated through mutation in the transmembrane domain (Bargmann et al., 1986; Segatto et al., 1988; Stern et al., 1988) , overexpression (Di Fiore et al., 1987; Pierce et al., 1991) , or activation by homodimerization (Samanta et al., 1994; Zhou et al., 2000) following a ligand-independent manner. In breast cancer, the ErbB-2 gene is amplified in approximately 30% of cases, leading to the overexpression of ErbB-2 at the message and protein levels (Slamon et al., 1987) . This ErbB-2 overexpression phenomenon is also observed in other types of cancer, e.g., ovarian cancer (Lichtenstein et al., 1990; Hung et al., 1992) . The elevation of ErbB-2 proteins is strongly correlated with a poor prognosis in those cancers (Slamon et al., 1987 (Slamon et al., , 1989 Berchuck et al., 1990) . In normal prostate epithelial cells and cancerous cells, ErbB-2 protein is detected in most of the tissues examined, indicating the potential importance of ErbB-2 in those cells, although the ErbB-2 gene is not amplified (Grasso et al., 1997; Bubendorf et al., 1999; Mark et al., 1999; Signoretti et al., 2000) . Nevertheless, results of several studies utilizing the immunohistochemical approach showed that the frequency of ErbB-2 overexpression in primary prostate carcinomas ranges from 0 to 100%, in part owing to tissue selection and preparation, antibodies, methods, and the various scoring systems used (McCann et al., 1990; Myers et al., 1994; Gu et al., 1996; Ross et al., 1997) . Thus, the frequency of ErbB-2 overexpression in the primary prostate cancer remains uncertain. Recently, Signoretti et al., (2000) used the standardized Food and Drug Administration (FDA)-approved immunohistochemical assay to stain different stages of prostate cancer tissue and utilized the absolute scoring system to define the ErbB-2 protein overexpression as complete membrane staining in !10% of tumor cells. Their results showed that elevated expression of ErbB-2 protein was observed in 25% of untreated primary tumors, 59% of localized tumors after total androgen ablation therapy, and 78% of metastatic tumors with bone metastasis. Similar data were also obtained by Osman et al. (2001) . Together, the data indicated that the protein level of ErbB-2 could be elevated in a fraction of prostate tumor cells in a subgroup of patients. In androgen-independent human prostate cancer cell lines, ErbB-2 is hyperactivated, due at least in part to the lack of expression of PAcP, a prostate-specific protein tyrosine phosphatase, leading to activation of ERK/MAP kinases (Lin and Meng, 1996; Lin et al., 1998; Meng and Lin, 1998; Zhang et al., 2001) . A similar phenomenon is observed in hormonerefractory prostate carcinomas that cellular PAcP is decreased; concurrently, MAP kinases are activated, as is indicated by their increased phosphorylation levels (Gioeli et al., 1999; Price et al., 1999) . Although overexpression of ErbB-2 by cDNA transfection via AR activation could lead to an increase in the expression level of PSA mRNA (Yeh et al., 1999) , the biological relevance of ErbB-2 in androgen-independent PSA secretion by androgen-independent prostate cancer cells requires further investigation. Likewise, the molecular mechanism of the elevation of serum PSA in prostate cancer patients, especially hormone-refractory PSA secretion, warrants further research.
To investigate the molecular mechanism of androgenindependent prostate cell proliferation, we established an LNCaP cell model system including C-81 cells that are obtained by continuously passaging the parental low passage cells, designated as C-33 cells, in culture (Lin and Meng, 1996; Lin et al., 1998; Meng and Lin, 1998) . We have determined that LNCaP C-81 cells share the same genetic background and express a similar level of functional AR as their parental C-33 cells, but the C-81 cells behave as an androgen-independent cell line, differing from their androgen-sensitive parental cells (Karan et al., 2001; Igawa et al., 2002) . Utilizing this model system, we have shown that the interaction of ErbB-2 and PAcP is involved in regulating androgenpromoted proliferation of human prostate cancer cells Meng et al., 2000) . For example, an ectopic expression of cellular PAcP in androgenindependent C-81 cells restores androgen-responsive growth stimulation, correlating with a decreased tyrophosphorylation of ErbB-2 Meng et al., 2000) ; conversely, a forced expression of ErbB-2 in androgen-sensitive C-33 cells leads to cell proliferation in an androgen-independent fashion. An inhibition of ErbB-2, but not EGFR, by its inhibitor results in a loss of the androgen-stimulated growth of C-33 cells (Meng et al., 2000) . These data clearly show that the ErbB-2 signal pathway plays a critical role in the androgen action of prostate cell proliferation. The data also indicate that, in human prostate cancer cells, the phenotype of androgen-independent growth is due in part to the loss of cellular PAcP expression, leading to elevated ErbB-2 activity and rapid cell proliferation even in the androgen-depleted condition Meng et al., 2000) . Furthermore, in androgendepleted condition, C-81 cells secrete a higher level of PSA than C-33 parental cells, as observed in hormonerefractory prostate cancers (Lin et al., 2001a; Igawa et al., 2002) . Thus, taken together, these different LNCaP cells mimic many of the features of human prostate cancer progression and recapitulate the development of androgen-independent human prostate cancer cells during tumor progression in patients. It can thus serve as a useful model to define the molecular mechanism of androgen-independent growth as well as PSA secretion (Karan et al., 2001; Igawa et al., 2002) .
In this communication, we investigated the molecular mechanism of the signal transduction pathway that is involved in upregulating the secretion of PSA in an androgen-independent manner. We focused on delineating the functional roles of ErbB-2, cellular PAcP, and MAP kinases in androgen-independent human prostate cancer cells, since, in those advanced prostate carcinomas, the expression of cellular PAcP is decreased (Loor et al., 1981; Solin et al., 1990; Lin et al., 2001a) and the specific activities of ErbB-2 and MAP kinases are elevated (Gioeli et al., 1999; Price et al., 1999; Signoretti et al., 2000; Osman et al., 2001) . With our established LNCaP cell model, our results clearly showed that, in human prostate cancer androgen-independent LNCaP C-81 cells, the ErbB-2 signal pathway plays a critical role in upregulating the secretion of PSA in the androgen-depleted environment.
Results

Secretion of PSA by different LNCaP cells
To investigate the molecular mechanism(s) of androgenindependent PSA secretion, we analysed the level of PSA secreted by different LNCaP cells, including C-33 and C-81 cells, which exhibit different responsiveness in growth stimulation by androgens Igawa et al., 2002) . Initially, we determined the androgen-independent growth of C-81 cells and their PSA secretion, and compared the results with those from C-33 cells. As shown in Figure 1a , in a steroidreduced condition, LNCaP C-81 cells had a rapid growth rate with a doubling time of approximately 40 h, while LNCaP C-33 cells had a very slow growth rate with a doubling time of approximately 200 h. The data indicated that LNCaP C-81 cells exhibited an androgen-independent growth resembling hormone-refractory prostate cancer.
To examine the androgen-independent PSA secretion, we analysed the secreted level of PSA in the conditioned media of both cells by Western blot analyses with an anti-PSA Ab. As shown in Figure 1b , in the steroidreduced condition, C-81 cells secreted a higher level of PSA than C-33 cells. In both types of cells, approximately the same level of AR was expressed (Figure 1b) . To further confirm that the basal level of PSA secreted by C-81 cells was elevated in an androgen-independent manner, we used an antiandrogen reagent, Casodex, to inhibit AR function in LNCaP cells (Maucher and von Angerer, 1993; Veldscholte et al., 1994) . In the absence of DHT, Casodex had no significant effect on the growth or the basal level of PSA secretion by C-81 cells, while a minor effect on C-33 cells was seen (Figure 1b  and c) . Nevertheless, DHT stimulated PSA secretion by C-81 cells, although to a lesser degree than C-33 cells, indicating a functional AR in C-81 cells, as observed in hormone-refractory prostate carcinomas (Gil-Diez de Medina et al., 1998; Zegarra-Moro et al., 2002) . In the presence of DHT, Casodex effectively blocked DHT effect on growth stimulation and PSA secretion of both cells (Figure 1b and c) . Thus, the data strongly indicated that the basal level of PSA secretion by C-81 cells was an androgen-independent, Casodex-insensitive phenomenon. Since C-81 cells have a rapid growth rate, higher than that of C-33 cells, the secreted PSA level was normalized for the respective cell numbers. The data clearly showed that the androgen-independent PSA secretion in LNCaP C-81 cells was approximately 3-6 times higher (an average 4.5 times higher) than in LNCaP C-33 cells (Figure 1d ). Taken together, the data showed that androgen-independent LNCaP C-81 cells secreted a higher level of PSA than androgen-sensitive LNCaP C-33 cells in a steroid-reduced condition, similar to the rebound of PSA secretion by most hormone-refractory prostate cancers.
Correlation of the androgen-independent PSA secretion with the androgen-independent cell growth We initially determined whether androgen-independent PSA secretion correlates with androgen-independent cell growth kinetically. To serve as a control, another set of cells was grown in the presence of 10 nm DHT. Since the effect of DHT on cell proliferation occurs in a very slow process (Horoszewicz et al., 1983; Lin et al., 1998) , we quantified cell numbers on days 3, 5, and 7 after DHT treatment. Since DHT has a rapid effect on PSA secretion, we analysed the secreted level of PSA within a 48 h period. As shown in Figure 2a and b, in the absence of DHT, C-33 cells had a very slow growth rate and secreted a low level of PSA. DHT greatly stimulated the growth of C-33 cells and their PSA secretion, as observed in Figure 1b and c. In contrast, C-81 cells exhibited a rapid growth rate in an androgen-independent manner, and concomitantly those cells secreted a high level of PSA in a time-kinetic fashion, although DHT had a minor stimulating effect on their growth and PSA secretion. These results clearly showed that androgen-independent PSA secretion was related to the androgen-independent cell growth of androgenindependent LNCaP C-81 prostate cancer cells.
To further investigate the molecular mechanism of androgen-independent PSA secretion, we analysed ErbB-2, cellular PAcP, and MAP kinases for their protein levels and their activation status in C-33 and C-81 cells. This was done because our previous data (Lin and Meng, 1996; Meng and Lin, 1998) showed that C-81 cells express a low level of cellular PAcP, and have an elevated tyrophosphorylation level of ErbB-2, higher than C-33 cells. As shown in Figure 2c , in C-81 cells in the absence of DHT, ErbB-2 and MAP kinases were hyperactivated, as indicated by their corresponding phosphorylation levels, while cellular PAcP level was very low. In those cells, DHT had only a marginal stimulating effect on ErbB-2 and MAP kinase activation, and PSA secretion. Conversely, in C-33 cells in the absence of DHT, cellular PAcP level was high, while ErbB-2 and MAP kinases were apparently at the basal activation status (Figure 2c) , and the secreted level of PSA also was low (Figure 2b ). DHT downregulated cellular PAcP level (Figure 2c ) and upregulated the secretion of PSA (Figure 2b) . After 48 h of DHT treatment, the p-Tyr level of ErbB-2 and phosphorylation of MAP kinases were greatly elevated, which correlated with a high level of secreted PSA. The data taken together thus indicated that, in androgen-independent human prostate cancer cells in the steroidreduced condition, the expression of cellular PAcP was 4 cells/cm 2 in six-well plates in the regular medium for 3 days. Cells were then grown in a steroid-reduced medium with 2% charcoal-treated FBS. Two days after steroid starvation, cells were harvested and counted as day 0. The remaining cells were fed with fresh steroid-reduced medium, harvested, and counted on days 3, 6, and 10. The relative cell growth was represented by the ratio of cell number normalized to the respective cell number on day 0. (b) C-33 and C-81 cells were seeded as described above. Two days after steroid starvation, the media were changed with fresh steroid-reduced medium with or without 10 mm Casodex in the presence or absence of 10 nm DHT for 48 h. Then, cells were harvested and lysed, and the conditioned media were collected. An equal volume of conditioned media from each cell line was analysed for secreted PSA by Western blotting. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. Whole-cell lysates were used to detect the expression level of AR. The results are a representative of three sets of independent experiments. (c) C-33 and C-81 cells were seeded at densities of 1 Â 10 4 and 2 Â 10 3 cells/cm 2 respectively. After 48 h of culture in the steroid-reduced medium, cells were fed with fresh steroid-reduced medium with or without 10 mm Casodex in the presence or absence of 10 nm DHT. Total cell numbers were counted on days 0, 3, 5, and 7. Two ml per well fresh medium with or without Casodex in the presence or absence of DHT was added to the remaining cultures on days 3 and 5. The data shown are the average of duplicates after normalization to day 0 and a representative of three sets of independent experiments. (d) The semiquantification of androgen-independent PSA secretion by both cells was performed by densitometric analysis on three sets of independent experiments low; concurrently, ErbB-2 and MAP kinases were activated, correlating with a rapid growth rate and a high level of secreted PSA.
Effect of cellular PAcP on PSA secretion
Since cellular PAcP is involved in regulating androgen action on the growth of prostate cancer cells Meng et al., 2000) , we analysed the correlation of PSA secretion with cellular PAcP expression as well as the activation of ErbB-2 signal pathway in C-33 and C-81 cells. In this set of experiments, cells were maintained in the regular medium to examine a potential androgenic effect by regular medium on PSA secretion . The ErbB-2 proteins were immunoprecipitated, and p-Tyr levels were detected by Western blot analyses. As shown in Figure 3a , the p-Tyr level of ErbB-2 was elevated by approximately 3.2-fold in C-81 cells, , respectively. After 48 h of steroid starvation, cells were fed with fresh steroid-reduced medium in the presence or absence of 10 nm DHT on day 0. Total cell numbers were counted on days 0, 3, 5, and 7. The remaining cultures were fed with fresh medium on days 3 and 5. The representative data are the averages of duplicates. Similar results were obtained in three sets of independent experiments. (b) C-33 and C-81 cells were plated at a density of 2 Â 10 4 cells/cm 2 in regular medium. After 48 h of steroid starvation, cells were fed with fresh steroid-reduced medium in the presence or absence of 10 nm DHT. The conditioned media were collected at the indicated time points and analysed for secreted PSA. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. The secreted level of PSA by C-33 and C-81 cells was semiquantified by densitometric analysis, normalized to their respective cell numbers, and further referred to the secreted level of PSA by C-33 cells in the absence of DHT. The data are representative of two sets of independent experiments. (c) Cells were cultured as described in (b), harvested at the indicated time points, and lyzed. For immunoprecipitation, an aliquot of 1 mg of total cell lysates was incubated with 5 mg of anti-ErbB-2 Ab (9G6). The immunoprecipitated proteins were electrophoresed, followed by immunoblotting with anti-p-Tyr Ab (pY99) and anti-ErbB-2 Ab (K-15) after stripping. The PAcP protein level in 30 mg of total cell lysates was detected with rabbit anti-PAcP serum. The phosphorylation level of MAP kinases was detected by antiphosphoMAP kinase Ab in total cell lysates. After stripping, the protein level of MAP kinases was detected by anti-ERK Ab (K-23) compared to C-33 cells. In C-81 cells, the increased pTyr of ErbB-2, at least in part owing to the loss of cellular PAcP expression (Figure 3a middle) (Lin and Meng, 1996; Lin et al., 1998; Meng and Lin, 1998) , led to the activation of ERKs/MAP kinases. This elevated activity of MAP kinases further correlated with an increased level of secreted PSA by C-81 cells, compared to C-33 cells, even in the condition containing androgenic activity.
To further define the involvement of PAcP in PSA secretion, C-81 cells were transiently transfected with the wild-type PAcP cDNA. The expression of exogenous PAcP and secretion of PSA were detected by immunoblotting analyses with anti-PAcP and anti-PSA Abs, respectively. The p-Tyr level of ErbB-2 proteins was analysed after immunoprecipitation. As shown in Figure 3b , the transient expression of exogenous PAcP in C-81 cells resulted in a decrease of B39% in the pTyr level of ErbB-2, a reduction of B37% in the phosphorylation level of p42 MAP kinase, and a decrease of B45% in the secreted level of PSA. The correlation of the expression of PAcP with the secreted level of PSA was further analysed in stable subclones of PAcP cDNA-transfected LNCaP C-81 cells. In the steroid-reduced condition, the expression of exogenous PAcP correlated with a reduction in the secreted PSA Figure 3 Effect of cellular PAcP expression on PSA secretion. (a) C-33 and C-81 cells were seeded and cultured in the regular medium for 3 days and fed with the fresh medium for two more days. Then the medium was refreshed again. After 48 h the medium was refreshed, the conditioned media were collected and analysed for the secreted PSA level will anti-PSA Ab. Cells were harvested and lyzed. For immunoprecipitation, 1 mg each of total cell lysates was incubated with 5 mg of anti-ErbB-2 Ab (9G6). The immunoprecipitated proteins were electrophoresed on SDS gels. Immunoblotting was performed with anti-p-Tyr Ab (4G10), followed by anti-ErbB-2 Ab (K-15) after stripping. The PAcP protein level in 30 mg of total cell lysates was detected with rabbit antiPAcP serum. The phosphorylation level of MAP kinases was detected by antiphosphoMAP kinase Ab in total cell lysates. After stripping, the protein level of MAP kinases was detected by anti-ERK Ab (K-23). (b) C-81 cells were seeded in the regular medium, as described in Methods. Two days after plating, cells were transfected with the wild-type PAcP cDNA in pcDNA vector using Lipofectamine PLUS reagents. Control cells were transfected with the pcDNA vector alone. After transfection, cells were cultured in 10% FBS-contained RPMI medium for 24 h, and then maintained in the regular medium for another 24 h. Next day, the medium was refreshed again with the regular medium. After 48 h cell culture, the conditioned media were collected and detected with anti-PSA Ab. The analyses of the p-Tyr and protein levels of ErbB-2, as well as the detection of the phosphorylation and protein levels of MAP kinases, were performed as described in Figure 2 (a). (c) Vec-transfected C-81, LNCaP-28, and LNCaP-40 cells were seeded and maintained as described above. Two days after steroid starvation, the media were refreshed with the steroid-reduced medium and cells were maintained in this medium for 48 h. Conditioned media and cell lysates were subjected to Western blot analyses with anti-PSA and anti-PAcP Abs, respectively. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. The semiquantification of phosphorylation levels of ErbB-2 and p42MAP kinase normalized to the respective protein levels, as well as the secreted level of PSA per cell was performed by densitometric analysis. The ratio of secreted level of PSA per cell was further normalized to the corresponding control cells level by LNCaP-28 and LNCaP-40 subclone cells in a dose-response fashion, compared to control cells (Figure 3c) . Thus, the data taken collectively indicated that, in androgen-independent LNCaP C-81 prostate cancer cells, despite the presence of androgenic activity in the culture medium, the lower cellular PAcP coincided with a higher p-Tyr level of ErbB-2 and phosphorylation level of p42 MAP kinase as well as higher secreted level of PSA. The results also showed that cellular PAcP had a negative effect on the androgen-independent secretion of PSA in human prostate cancer cells.
Functional role of ErbB-2 in PSA secretion
We further determined the functional role of ErbB-2 in androgen-independent PSA secretion by analyzing the effect of altered ErbB-2 activities on the secreted level of PSA by LNCaP C-81 cells in the steroid-depleted medium. C-81 cells were transiently transfected with cDNA encoding either the wild type or a dominant negative mutant of ErbB-2. As a control, other cells were transfected with the vector alone. The secreted PSA was detected at 24 h after we began maintaining cells in a steroid-depleted condition. As shown in Figure 4a , in C-81 cells, the expression of an ErbB-2 dominant negative mutant correlated with a reduced tyrosine phosphorylation level of endogenous ErbB-2 (data not shown) and a decrease of B60% in androgenindependent PSA secretion, while the forced expression of the wild-type ErbB-2 in these same cells had only a marginally stimulating effect on PSA secretion.
Alternatively, scFv5R cells, an LNCaP-derived cell line in which ErbB-2 proteins are trapped in endoplasmic reticulum (ER) by the expression of a single-chain Ab containing an ER-localization signature motif (Beerli et al., 1994) , were utilized to examine further the role of ErbB-2 in this mode of PSA secretion. After steroid starvation, scFv5R cells and control cells transfected with the vector alone were cultured in the steroid-reduced condition for 48 h. Cell lysates and conditioned media were collected and analysed by immunoblotting for the ErbB-2 protein and the secreted level of PSA, respectively. As shown in Figure 4b , the expression level of mature ErbB-2 proteins in scFv5R cells was decreased, to a point lower than that in the control cells, because a portion of ErbB-2 proteins was trapped in the ER (Qiu et al., 1998) . The ER-trapped ErbB-2 protein was smaller than the mature form (Figure 4b ), apparently because of incomplete posttranslational modifications including glycosylation (Beerli et al., 1994 ). Concurrently, the secreted level of PSA by each scFv5R cell was diminished by approximately 60%, compared to each control cell. Thus, reduced ErbB-2 activity led to a diminished level of secreted PSA in the steroid-depleted condition. Taken together, the data supported the notion that ErbB-2 signaling plays a critical role in regulating androgenindependent PSA secretion in human prostate cancer cells. Figure 4 Effect of ErbB-2 expression on androgen-independent PSA secretion in different LNCaP cells. (a) C-81 cells were seeded as described in Methods. Two days after plating, cells were transfected with the wild-type ErbB-2 cDNA (WT) or a dominant negative mutant of ErbB-2 (mt). As a control, cells were transfected with the vector alone (Vec). After transfection, cells were maintained in the steroid-reduced medium containing 10% charcoal-treated FBS overnight. The next day, cells were fed with fresh steroid-reduced medium for 24 h. Then, the medium was refreshed with fresh steroid-reduced medium. After 24 h cell culture, the conditioned medium was collected and analysed for the secreted PSA with an anti-PSA Ab. Cells were harvested and lyzed. The ErbB-2 protein level and the expression of Myc epitope were detected in the whole-cell lysates with anti-ErbB-2 (C-18) and anti-Myc epitope Abs (9E10), respectively, (b) 4 Â 10 6 scFv5R cells per T75 flask or control cells were plated in RPMI 1640 medium supplemented with 10% FBS, 1% glutamine, and 0.5% gentamicin for 3 days. Two days after steroid starvation, cells were fed with fresh steroid-reduced medium. After 48 h, the media and lysates were collected and analysed by Western blotting with anti-PSA and anti-ErbB-2 Abs, respectively. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. The semiquantification of secreted level of PSA was performed by densitometric analysis and normalized to respective cell numbers. The ratio represented the normalization of secreted PSA per cell to the corresponding control cells
Functional roles of EGFR and ErbB-2 in PSA secretion
As ErbB-2 is involved in regulating PSA secretion (Figures 2-4) , and ErbB-2 can form heterodimers with EGFR in signaling (Qian et al., 1999; Johannessen et al., 2001) , we analysed whether EGFR is also involved in regulating the secretion of PSA by LNCaP cells. C-33 cells were transiently transfected with a cDNA encoding the wild-type EGFR or ErbB-2 with a Myc tag. Control cells were transfected with the vector alone. As shown in Figure 5a , in the steroid-reduced condition, the EGFR activity in EGFR cDNA-transfected cells was elevated, as indicated by its hypertyrosine phosphorylation level using an antiphospo-EGFR Ab. The elevated EGFR protein level was shown by Western blotting (Figure 5a ). The activation of ErbB-2 was detected by anti-p-Tyr immunoblotting. The expression of ectopic ErbB-2 proteins was detected by Western blotting with an anti-Myc Ab (Figure 5b ). The results clearly showed a hypertyrosine phosphorylation of ErbB-2 protein, indicating an elevated ErbB-2 activity in the ErbB-2 cDNA-transfected cells (Figure 5b ). The basal level of pTyr of ErbB-2 in the control cells transfected with vector alone and in the EGFR cDNA transfectants could be seen after a prolonged exposure (data not shown) (Figure 3a) . Although a forced expression of EGFR and ErbB-2 could enhance their activities, only the increased ErbB-2 activity, and not the EGFR activity, could increase the secreted level of PSA by LNCaP C-33 cells (Figure 5c ). The data thus indicated that the ErbB-2 signaling, but not the EGFR signaling, played a major role in regulating PSA secretion.
Effect of ErbB-2 and EGFR Inhibitors on androgenindependent PSA secretion
To further determine the role of ErbB-2 in androgenindependent PSA secretion in human prostate cancer cells, the effect of ErbB-2 inhibitors, that is, Tyrphostins: AG879 (IC 50 ¼ 1 mm for ErbB-2) and AG825 (IC 50 ¼ 0.35 mm for ErbB-2) (Levitzki and Gazit, 1995) , on PSA secretion by LNCaP C-81 cells was analysed. C-81 cells were cultured and maintained in the steroiddepleted medium for 48 h. Subsequently, these steroidstarved cells were treated with different concentrations of AG879 and AG825. The cell lysates were analysed by immunoblotting will antiphosphoErbB-2 Ab, followed with anti-ErbB-2 protein Ab after stripping membrane. The secreted PSA in conditioned media was analysed by immunoblotting, followed by densitometric analysis, and then normalization to the respective cell numbers. As shown in Figure 6a and b, both AG879 and AG825 had an inhibitory effect of up to approximately 80% on the tyrophosphorylation level of ErbB-2 and androgenindependent PSA secretion in a dose-response manner. The effect of EGFR inhibitor (Tyrphostin AG1478, IC 50 ¼ 3 nm for EGFR) (Levitzki and Gazit, 1995) on this mode of PSA secretion was also examined. Interestingly, although AG1478 inhibited the tyrophosphorylation level of EGFR in a dose-dependent manner, it had no significant effect on androgenindependent PSA secretion, even in the presence of over 1000-fold concentrations of its IC 50 (Figure 6c) . Furthermore, the reduction in PSA by ErbB-2 inhibitors was not because of their cytotoxicity on cell survival, as indicated by trypan blue exclusion (Figure 6 ). Therefore, the results shown in Figures 5 and 6 clearly indicated that ErbB-2 signaling, but not EGFR signaling, was involved in regulating androgen-independent PSA secretion in hormone-refractory human prostate cancer cells. Figure 5 Roles of EGFR and ErbB-2 in the androgen-independent PSA secretion. C-33 cells were seeded at a density of 1.5 Â 10 6 cells/100 mm Petri dish in the regular medium for 2 days and then transfected with cDNAs encoding EGFR or ErbB-2 using the Lipofectamine PLUS reagent. For a control, cells were transfected with the vector alone. After transfection, cells were cultured in the phenol-red-free RPMI 1640 medium containing 10% charcoal-treated FBS overnight. The next day cells were fed with the steroid-reduced medium. On the following day, the medium was replaced with the fresh steroid-reduced medium. After 24 h, the conditioned media were collected and analysed for the PSA level with an anti-PSA Ab. Cells were harvested and lysed. (a) The p-Tyr level of EGFR in the whole-cell lysate was analysed with an antiphospho-EGFR Ab, followed by immunoblotting with an anti-EGFR Ab after stripping. (b) The p-Tyr level of ErbB-2 in the whole cell lysate was detected with an anti-p-Tyr Ab, followed by anti-ErbB-2 Ab and anti-Myc Ab. (c) An equal amount of 24 h conditioned media was analysed for the secreted level of PSA with an anti-PSA Ab. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. The semiquantification of secreted level of PSA was performed by densitometric analysis and normalized to respective cell numbers. The ratio represented the normalization of secreted PSA per cell to the corresponding control cells
Effect of MAP kinase signaling on androgen-independent PSA secretion
Since the data from archival specimens have shown that the activity of MAP kinases is elevated in recurrent prostate tumors after androgen-deprivation therapy (Gioeli et al., 1999; Price et al., 1999) , and MAP kinases are downstream mediators of ErbB-2 signaling (Yeh et al., 1999; Meng et al., 2000) , we analysed whether MAP kinases are involved in regulating the secreted level of PSA in the steroid-reduced condition. LNCaP C-33 cells were transiently transfected with a cDNA encoding a constitutively activated MEK mutant, an upstream activator of MAP kinases. Control cells were transfected with the vector alone. The expression of constitutively activated exogenous MEK was detected by anti-HA immunoblotting, while the effect of the MEK expression on MAP kinases was analysed by examining the phosphorylation level of MAP kinases using an antiphospho-MAP kinase Ab. As shown in Figure 7a , the constitutively activated MEK mutant could greatly activate both p42 and p44 MAP kinases, which enhanced the PSA secretion by approximately three-fold in the steroid-reduced condition (Figure 7a) .
The functional role of MAP kinases in androgenindependent PSA secretion was further analysed by treating C-81 cells with MEK inhibitor PD98059. The secreted level of PSA was normalized to their respective cell numbers. As shown in Figure 7b , approximately 80% of the androgen-independent PSA secretion from LNCaP C-81 cells was effectively inhibited by PD98059 in a dose-response manner. Furthermore, the reduction in the secreted level of PSA by PD98059 was not because of its cytotoxicity (Figure 7b) . Thus, the results taken Figure 6 Effect of ErbB-2 and EGFR inhibitors on the androgen-independent PSA secretion of C-81 cells. C-81 cells were seeded with 3 Â 10 5 cells/T25 flask in the regular medium. After steroid starvation, these cells were treated with different concentrations of (a) AG879, (b) AG825, and (c) AG1478 in the steroid-reduced medium for 24 h. The cell lysates were analysed by immunoblotting with antiphosphoErbB-2 Ab (Y1248) and antiphosphoEGFR Ab (Y1173), respectively. After stripping, membranes were hybridized with the corresponding anti-ErbB-2 Ab (C-18) or anti-EGFR Ab (1005) for the protein levels. The media were collected and detected by Western blotting with anti-PSA Ab. A Coomassie-Blue-Stained protein band on the nitrocellulose membrane was used as a loading control. The cells were trypsinized, stained with 0.2% trypan blue, and counted by a hemacytometer to distinguish the live and dead cells. The semiquantification of secreted level of PSA was performed by densitometric analysis and normalized to respective cell numbers. The ratio represented the normalization of secreted PSA per cell to corresponding control cells together clearly showed that the MAP kinase signal pathway was also involved in regulating androgenindependent secretion of PSA by human prostate cancer cells.
Effect of an MEK inhibitor on the ErbB-2-stimulated androgen-independent PSA Secretion Since the elevated activity of ErbB-2 and MAP kinases correlates with an increase of secreted level of PSA in LNCaP cells (Figures 2, 3 , 5, and 7), we further examined whether MAP kinases mediated the signaling from ErbB-2 to regulate the PSA secretion in an androgen-independent manner. LNCaP C-33 cells were transiently transfected with a cDNA encoding the wildtype ErbB-2 protein. Control cells were transfected with the vector alone. Subsequently, these transfectants were maintained in the steroid-depleted medium containing different concentrations of PD98059. The expression of exogenous ErbB-2 was detected by immunoblotting with an anti-Myc Ab. The activity of ErbB-2 was examined by its p-Tyr level in the whole-cell lysates with an anti-p-Tyr Ab. As shown in Figure 8 , the activity of ErbB-2 was greatly increased by its overexpression, leading to the activation of the MAP kinases and an approximately two-fold increase in the secreted level of PSA. Upon PD98059 treatment, the activity of MAP kinases and the secreted level of PSA were diminished, in a dose-response fashion. Therefore, the results taken together strongly indicated that ErbB-2 signaling via MAP kinases played a critical role in androgenindependent secretion of PSA in human prostate cancer cells.
Discussion
Several lines of evidence have shown that PKA and ErbB-2 signal pathways can upregulate the activity of PSA promoter in an androgen-independent manner (Nazareth and Weigel, 1996; Sadar, 1999; Yeh et al., 1999; Wen et al., 2000) . In the absence of androgen, ErbB-2 signaling can activate AR, via either MAP kinases (Yeh et al., 1999) or Akt (Wen et al., 2000) by phosphorylation regulation. However, neither the functional role of PKA or ErbB-2 signaling in PSA secretion nor the biological significance of these signal pathways in clinical cancer has been further addressed. The molecular mechanism for the PSA gene's escape from regulation by androgens in hormone-refractory prostate cancer cells is still enigmatic and remains as a major interest in prostate cancer research.
In this study, we explored a mechanism that can upregulate androgen-independent PSA secretion in an LNCaP cell model, which recapitulates the progression of human prostate cancer cells from the androgensensitive stage to the androgen-independent stage Karan et al., 2001; Igawa et al., 2002) . Our results clearly showed that the elevated level of secreted PSA by C-81 cells is regulated by an androgenindependent, Casodex-insensitive mechanism. Thus, Figure 7 Role of MAP kinases in the secretion of PSA. (a) C-33 cells were seeded in the regular medium and then transfected with a constitutively activated MEK cDNA (CA). Control cells were transfected with the vector alone (Vec). The transfectants were cultured in the phenol-red-free and 10 % charcoal-treated FBScontained RPMI 1640 medium overnight. The next day the medium was refreshed with steroid-reduced medium for 1 day. Cells were fed with fresh steroid-reduced medium again. The conditioned medium was collected after 24 h culturing and analysed for secreted PSA by Western blotting. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. Cells were harvested, lysed, and analysed for the HA epitope and phosphoMAP kinases with anti-HA Ab and antiphosphoMAP kinase Ab, respectively. After stripping, the membrane was analysed for the MAP kinase protein level with an anti-MAP kinase Ab. (b) C-81 cells were seeded in the regular medium for 3 days. After 48 h steroid starvation, cells were fed with the fresh steroid-reduced medium and PD98059. The conditioned medium was collected at 24 h after treatment and analysed for the secreted PSA with an anti-PSA Ab. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. The cells were trypsinized, stained with 0.2% trypan blue, and counted by a hemacytometer to distinguish the live and dead cells. The semiquantification of the secreted level of PSA was performed by densitometric analysis and normalized to respective cell numbers. The ratio represented the normalization of secreted PSA per cell to corresponding control cells C-81 cells resemble clinical hormone-refractory prostate cancer cells, which secrete an elevated level of PSA in an androgen-depleted environment. Since LNCaP C-81 cells express a low level of cellular PAcP and have a highly activated ErbB-2 (Lin and Meng, 1996; Lin et al., 1998; Meng and Lin, 1998; Zhang et al., 2001) , we examined whether cellular PAcP is involved in regulating the secretion of PSA. The results (Figures 2 and 3a) taken together indicated that cellular PAcP has an inverse correlation with the secreted level of PSA, resembling the clinical phenomenon in advanced prostate carcinomas in which the cellular level of PAcP is decreased (Loor et al., 1981; Solin et al., 1990; Lin et al., 2001a) and concomitantly the serum level of PSA is elevated (Oesterling, 1991; Chu and Lin, 1998) . The functional role of cellular PAcP in PSA secretion is further illustrated by the finding that forced expression of PAcP led to decreased PSA secretion (Figure 3b  and c) .
The role of ErbB-2 in the PSA secretion was studied, since ErbB-2 is expressed in all prostate carcinomas examined (Grasso et al., 1997 , Signoretti et al., 2000 and its interaction with cellular PAcP is involved in regulating androgen stimulation of human prostate cancer cell growth Meng et al., 2000) . In the absence of androgens, overexpression of ErbB-2 in C-33 cells correlated with an elevated secretion of PSA by approximately two-fold (Figures 5c and 8) . After normalizing to the transfection efficiency of C-33 cells (Zelivianski et al., 1998; Meng et al., 2000) , the secreted level of PSA in ErbB-2-overexpressed C-33 cells was increased by over four-fold, similar to the elevated secretion of PSA by C-81 cells in comparison with C-33 cells (Figure 1d ). In C-81 cells, the marginal increase of the secreted level of PSA by ErbB-2 (Figure 4a ) may be because the degree of stimulation by ErbB-2 has approached its optimal effect. The involvement of ErbB-2 in PSA secretion by C-81 cells is further supported by the observation that the expression of a dominant negative mutant of ErbB-2 correlated with an approximately 60% decrease of secreted PSA level in the steroid-reduced condition (Figure 4a ). Furthermore, scFv5R LNCaP cells secreted a reduced level of PSA, because the ErbB-2 proteins were partially trapped in the ER by a single-chain antibody (scFv5R), compared to its corresponding control cell line (Figure 4b) . Although in the original scFv5R cells, ErbB-2 can be trapped efficiently in ER (Qiu et al., 1998) , we found that upon passage, the efficiency of Ab in trapping ErbB-2 was decreased (data not shown), as observed in our PAcP cDNA-transfected cells (Lin et al., 1994 (Lin et al., , 2001a . Thus, with higher passage, these cells secreted a higher level of PSA (data not shown). This observation is further supported by the effect of ErbB-2 inhibitors AG879 and AG825 on diminishing the secreted level of PSA from C-81 cells in a dose-response manner ( Figure  6a and b) , although responses are differential. Thus, these results collectively indicated that the ErbB-2 signal pathway plays an important role in regulating the secretion of PSA by human prostate cancer cells in the absence of androgens. This notion is supported by clinical observations in hormone-refractory prostate cancer during androgen-ablation therapy; the expression of ErbB-2 protein may be either activated or elevated (Signoretti et al., 2000; Osman et al., 2001) , and the PSA level in circulation of most of those patients is increased (Oesterling 1991; Chu and Lin, 1998) .
The effect of ErbB-2 on the secretion of PSA could occur at two levels: the transcriptional level and the post-translational level of the secretory pathway. Our data have clearly shown that in the ErbB-2-activated C-81 cells, the level of PSA mRNA is elevated in the steroid-reduced condition, higher than in C-33 cells Igawa et al., 2002) . This phenomenon of elevated PSA mRNA level in ErbB-2-activated cells is, in part at least, because of the activation of PSA promoter by ErbB-2 (Yeh et al., 1999) . ErbB-2 may also activate the secretory pathway of PSA. Nevertheless, further experiments are needed.
Since EGFR and ErbB-2 are members of the same family and can form heterodimers involving several signal pathways (Qian et al., 1999; Johannessen et al., Figure 8 Effect of PD98059 on the secreted level of PSA by the ErbB-2 cDNA-transfected C-33 cells. C-33 cells were seeded at a density of 5 Â 10 5 cells per well in six-well plates in the regular medium for 2 days. Subconfluent cells were transfected with the wild-type ErbB-2 cDNA. Control cells were transfected with the vector alone (Vec). The transfectants were cultured in the regular medium overnight. The next day, cells were fed with a steroidreduced medium for 24 h. After steroid starvation, cells were fed with fresh steroid-reduced medium and PD98059. The conditioned medium was collected at 48 h after treatment and analysed for the secreted PSA with an anti-PSA Ab. A Coomassie-Blue-stained protein band on the nitrocellulose membrane was used as a loading control. The whole-cell lysates were used for the immunoblot analyses to detect the p-Tyr level of ErbB-2, the expression of exogenous ErbB-2 and the phosphorylation level of MAP kinases, as well as their protein levels with the respective Abs. The semiquantification of the secreted level of PSA was performed by densitometric analysis and normalized to respective cell numbers. The ratio represented the normalization of secreted PSA per cell to corresponding control cells 2001), we examined whether EGF receptor signaling is also involved in regulating the secretion of PSA in human prostate cancer cells. Our data showed that although overexpression of EGFR and ErbB-2 could increase the activities of both proteins, only increased ErbB-2 activity enhanced the secreted level of PSA by C-33 cells (Figure 5 ). This phenomenon is supported by Figure 6 that the inhibition of EGFR by its specific inhibitor had no significant effect on PSA secretion. These data indicated that EGFR did not play a critical role in regulating androgen-independent secretion of PSA by C-81 cells. This notion is further supported by the data in a previous publication (Culig et al., 1994) and by our unpublished results (Lee, MS, Igawa, T, and Lin, MF, unpublished observations) that EGF does not stimulate PSA secretion by C-33 cells. These data further complement with our previous report that ErbB-2 signaling, but not EGFR, is involved in androgen action on prostate cancer cell proliferation (Meng et al., 2000) . ErbB-2 inhibition abolished androgen responsiveness of C-33 cells, while the EGFR inhibitor did not affect androgen-promoted proliferation of those cells. The lack of involvement of EGFR in androgen action is also shown in the study of Sherwood et al. that EGFR does not play a critical role in androgen-promoted proliferation of LNCaP cells (Sherwood et al., 1998) . Taken together, the data indicate that the ErbB-2, but not EGFR, signaling is involved in regulating androgen action in prostate cells. In prostate cancer cells, a decreased expression of cellular PAcP corresponds with activation of ErbB-2, leading to androgen-independent cell growth as well as PSA secretion.
Results from several studies show that the ErbB-2 signal pathway can act on MAP kinases, or on Akt, to upregulate PSA promoter (Yeh et al., 1999; Wen et al., 2000) . In this study, the functional role of MAP kinases in the secreted level of PSA was explored further. Activation of MAP kinases by the ectopic expression of a constitutively activated MEK1 (CA MEK1) mutant in C-33 cells correlated with an increase of secreted PSA in the steroid-reduced condition (Figure 7a ). The secreted level of PSA in the wild-type MEK1 cDNA-transfected C-33 cells was only marginally elevated, much less than in the CA MEK1-transfected cells (data not shown). The data indicate that an upstream signaling of MEK is required to activate the wild-type MEK, but not CA MEK1. Moreover, in the steroid-reduced environment, the secretion of PSA by C-81 cells was inhibited by the MEK inhibitor, PD98059, in a dose-response manner (Figure 7b) . Similarly, in the steroid-reduced condition, PD98059 could effectively abolish the increment of the secreted PSA by the overexpression of ErbB-2 in LNCaP C-33 cells (Figure 8) . Thus, these data indicate that MAP kinases are involved in mediating ErbB-2 signaling for regulating the secretion of PSA in the absence of androgen. These data corroborate the clinical observations that MAP kinases are hyperphosphorylated in hormone-refractory prostate carcinomas (Gioeli et al., 1999; Price et al., 1999 ). Concurrently, the serum level of PSA rebounds and is elevated in patients at this stage (Oesterling, 1991; Chu and Lin, 1998) . Additionally, ErbB-2 signaling can also activate Akt pathway for upregulating the PSA promoter activity in an androgenindependent manner to promote androgen-independent survival and growth (Wen et al., 2000) . It is proposed that ErbB-2, via the Akt or MAP kinase signal pathway, activates AR by phosphorylating serine residues (Ser 514 for MAP kinases; Ser 213 and Ser 791 for Akt), leading to the activation of AR-mediated PSA gene expression in the absence of ligand or altering the magnitude of AR transactivation in the presence of low levels of androgen (Craft et al., 1999; Yeh et al., 1999; Wen et al., 2000) , although a current report shows that MAP kinases and Akt do not phosphorylate AR directly (Gioeli et al., 2002) . The effect of ErbB-2 via MAP kinases or Akt on androgen-independent PSA gene expression evidently requires a functional AR (Craft et al., 1999; Yeh et al., 1999; Wen et al., 2000) . Thus, ErbB-2 signaling via MAP kinases or Akt can modulate the AR signal pathway in an androgen-independent fashion. Nevertheless, our data indicate that MAP kinases play a key role in regulating androgen-independent PSA secretion since PD98059 could effectively inhibit PSA secretion from C-81 cells by up to 80% (Figure 7b ). These findings may also provide clues to the molecular mechanism related to the prostate cancer progression from androgen-dependent state to independent state.
As discussed above, the data taken together indicated that MEK and MAP kinases are necessary and sufficient for androgen-independent PSA secretion. Our results also showed that ErbB-2 signaling, but not EGFR, plays a critical role in this mode of PSA secretion (Figures 4-6 ). Since MEK is a common downstream mediator of these two receptors, the mechanism of MEK and MAP kinases in mediating ErbB-2 signaling for androgenindependent PSA secretion in hormone-refractory prostate cancer is puzzling. It is possible that these effectors are coordinated by a yet unknown mechanism, for example, different members of the Ras/Raf family (Kimmelman et al., 2002) , via MAP kinase signaling in regulating the androgen-independent PSA secretion. Alternatively, an increase of androgen-independent PSA secretion in hormone-refractory prostate cancer may depend on the duration of activated MAP kinases, that is, transient or sustained. For example, the activation of ErbB-2 may sustain the activated status of MAP kinases, leading to activation of the PSA promoter in the absence of androgens. Contrarily, EGFR activation can only transiently activate MAP kinases. Further studies are required to address the detailed mechanism by which ErbB-2, but not EGFR, is involved in androgen-independent PSA secretion.
Our previous data showed that C-81 cells express an elevated level of PSA mRNA, higher than C-33 cells in the steroid-reduced condition . In this report, as shown in Scheme 1, we have further identified that the elevated activity of ErbB-2 in androgen-independent LNCaP C-81 cells, at least partly because of the loss of cellular PAcP expression, leads to the activation of ERK/MAP kinases and an increase of secreted level of PSA. These results also support the notion that the interaction of cellular PAcP and ErbB-2 is involved in regulating androgen action in prostate epithelial cells (Meng et al., 2000) . Thus, in androgensensitive C-33 cells, the extremely high level of PSA secretion upon 48 h-DHT stimulation is because of combined effects by DHT on ErbB-2, PAcP, and AR (Figure 2 ). Although several lines of evidence have shown that AR and its coactivators could further enhance the activity of PSA promoter that has been initially activated by overexpression of ErbB-2 in DU145 cells (Yeh et al., 1999) , Casodex has no significant effect on the basal growth or PSA secretion by C-81 cells (Figure 1b and c) and could not inhibit the activity of PSA promoter in the ErbB-2-overexpressed LNCaP cells (Craft et al., 1999) . Conversely, no expression or secretion of PSA is detected in ARnegative prostate cancer cells currently. Even in hormone-refractory prostate carcinomas, PSA expression concurs with AR expression. The data imply that AR is required for PSA expression although Casodex has no effect on androgen-independent PSA secretion mediated by the ErbB-2 pathway. Thus, the role of AR in ErbB-2-mediated androgen-independent secretion of PSA requires further investigation. Also, the molecular mechanism that is involved in the activation of ErbB-2 following the loss of PAcP expression in the hormonerefractory prostate cancer cells remains to be clarified (Lin et al., , 2001a Meng and Lin, 1998; Meng et al., 2000) . One possibility is that, in the absence of PAcP, ErbB-2 forms homodimer that leads to ErbB-2 activation by cross-phosphorylation (Samanta et al., 1994; Zhou et al., 2000) . Nevertheless, more experiments are needed to clarify this mechanism.
In summary, our results provide an explanation of the clinical phenomenon that in advanced hormone-refractory prostate carcinomas, the expression of cellular PAcP is decreased (Loor et al., 1981; Solin et al., 1990; Lin et al., 2001a) , while the phosphorylation level of MAP kinases (Gioeli et al., 1999; Price et al., 1999 ) as well as the secreted level of PSA are elevated (Kuriyama et al., 1982 : Oesterling, 1991 Chu and Lin, 1998) , and the protein level of ErbB-2 is elevated only in a subgroup of patients (Signoretti et al., 2000; Osman et al., 2001) . Our data clearly show that, in the androgendepleted environment, ErbB-2 signaling via the MAP kinase signal pathway is involved in regulating the secretion of PSA by human prostate cancer LNCaP C-81 cells. For clinical relevance, primary cultures are important for further addressing the molecular mechanism of androgen-independent PSA secretion. However, the primary cultures of hormone-refractory prostate cancers cannot be established because no surgical procedure is routinely performed when a prostate carcinoma progresses to its hormone-refractory stage. Nevertheless, because this LNCaP cell model mimics many of the features of human prostate cancer progression, it serves as a useful tool for studying molecular alterations during the progression. With this cell model, the findings in this report provide a mechanistic explanation of why the secreted level of PSA in circulation is elevated after initial suppression during androgen ablation therapy for advanced prostate cancer. Although other pathways, including PKA, IL-6, and Akt (Nazareth and Weigel, 1996; Hobisch et al., 1998; Sadar, 1999; Wen et al., 2000; Lin et al., 2001b) can also be involved in regulating androgen-independent PSA expression, our observations may suggest some potential targets for clinical therapy to block or reverse the progression of prostate cancers to the advanced, androgen-independent state.
Materials and methods
Materials
FBS, RPMI 1640 culture medium, gentamicin, EGF, Trypan blue stain, horseradish peroxidase-conjugated anti-mouse IgG, and LipofectAMINE PLUS TM reagents were purchased from Life Technologies, Inc. (Grand Island, NY, USA). Charcoal/ dextran-treated, certified FBS (lot AGD6463, testosteroneo3.0 ng/dl) was obtained from Hyclone (Logan, UT, USA). Protein molecular weight standard markers, acrylamide, and the Bio-Rad Protein Assay kit were obtained from Bio-Rad (Hercules, CA, USA). Monoclonal anti-Myc epitope Ab (9E10) was a gift from Dr Robert E Lewis at the University of Nebraska Medical Center, Omaha, NE, USA. Polyclonal anti-PSA (C-19), polyclonal anti-MAP kinase [ERK1 (K-23)], monoclonal antiphosphotyrosine (PY99), and polyclonal antiErbB-2 Abs (C-18 and K-15) for immunoblotting, monoclonal anti-ErbB-2 Ab (9G6) for immunoprecipitation, normal mouse IgG, and horseradish peroxidase-conjugated antirabbit IgG were purchased from Santa Cruz Biotechnology, Inc. Scheme 1 Proposed model of ErbB-2 signaling in androgenindependent secretion of PSA. In androgen-independent human prostate cancer cells, ErbB-2 is activated by hypertyrophosphorylation, which is at least partly because of the loss of cellular PAcP expression. The activated ErbB-2 can transduce its signals to activate the downstream ERK/MAP kinases, which leads to an increase of the expression and secretion of PSA (Santa Cruz, CA, USA). Antiphospho-p44/p42 MAP kinase (Thr202/Tyr204) antibody was obtained from New England BioLabs Inc. (Beverly, MA, USA), or Cell Signaling Technology (a new company branched out from New England BioLabs Inc. (Beverly, MA, USA). MEK1 cDNAs, rabbit polyclonal antiphospho-ErbB-2 (Y1248), mouse monoclonal antiphospho-EGFR (Y1137, 9H2), and mouse monoclonal antiphosphotyrosine (4G10) were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Rabbit anti-PAcP serum was obtained as described previously (Lin et al., 1993 ). An enhanced ECL detection system was purchased from Pierce (Rockford, IL, USA). AG825, AG879, AG1478, and PD98059 were from CALBIOCHEM (San Diego, CA, USA). Casodex was a gift from Astra-Zeneca Pharmaceuticals (Cheshire, UK).
Cell culture
A human prostate carcinoma cell line LNCaP-FGC (Horoszewicz et al., 1983) was originally purchased from the American Type Culture Collection (Rockville, MD, USA) and routinely maintained in the regular medium, that is, phenol red (+)-RPMI 1640 medium supplemented with 5% FBS, 1% glutamine, and 0.5% gentamicin. For the last two decades, LNCaP cells have been utilized as the only commercially available androgen-sensitive human prostate cancer cell line (Horoszewicz et al., 1983) . Cells were split once a week, which was defined as one passage. LNCaP cells with passage numbers 33 or less were designated as C-33, those with numbers greater than 80 as C-81, and those with numbers between 34 and 80 as C-51 (Lin and Meng, 1996; Lin et al., 1998 Lin et al., , 2000 Lin et al., , 2001a Meng and Lin, 1998; Meng et al., 2000) . In general, LNCaP cells with passage numbers between 45 and 60 were used as C-51 cells, and cells between 85 and 120 were used as C-81 cells for experiments. Following regular maintenance with weekly passage, the androgen responsiveness of growth stimulation of LNCaP cells is decreased, despite the expression of functional AR Meng et al., 2000; Igawa et al., 2002) . Thus, the growth of LNCaP C-33 cells is androgen-sensitive, while LNCaP C-81 have androgen-independent growth Igawa et al., 2002) . LNCaP-28 and -40 were stable subclones of C-81 cells transfected with a full-length human PAcP cDNA driven by a pCMV-neo expression vector, as described previously Meng and Lin, 1998) . ErbB-2-impaired scFv5R LNCaP cells, which stably express the scFv5R antibody (Beerli et al., 1994) to trap ErbB-2 protein in ER, and pcDNA vectortransfected LNCaP control cells (Qiu et al., 1998) were kind gifts from Dr Hsing-Jien Kung at the University of California Davis Cancer Center, Sacramento, CA, USA. For DHT treatment, a steroid-reduced medium, that is phenol-red-free RPMI 1640 medium containing 5% charcoal/dextran-treated, heat-inactivated certified FBS, was used Meng et al., 2000) .
Transient transfection of PAcP, ErbB-2 mutant, and EGFR cDNAs Cells were seeded in regular medium with a density of 1 Â 10 6 cells for C-81 cells and 1.5 Â 10 6 cells for C-33 cells per 100-mm dish. Transient transfection of wild-type PAcP, ErbB-2 mutant, and EGFR was performed by mixing 4 mg cDNA with 30 m1 Lipofectamine Plus reagent. After incubation of cells with the transfection solution for 6 h, cells were maintained in the medium described for each specific experiment.
Construction of a mutant of ErbB-2 cDNA
A cytoplasmic domain deletion mutant of ErbB-2 that functions as a dominant negative mutant of ErbB-2 was derived from the full-length, oncogenic p185 HER2/neu cDNA in a pGEM-9zf(-) vector, that is, pGEM-9-HER2 plasmid (Meng et al., 2000) . The DNA fragment encoding the transmembrane domain and cytoplasmic domain of ErbB-2 protein was removed by restriction enzymes EcoRI and SalI from the pGEM-9-HER2 plasmid. A DNA fragment containing the transmembrane domain and 10 amino acids of the cytoplasmic region was amplified using pGEM-9-HER2 as the template and two oligonucleotide primers: 5 0 -GGAC-GAATTCTGCACAATGG-3 0 (EcoRI site is underlined) and 5 0 -AGGTCGACGGTACCGTACTTCCGGATCTTCTGCTG (SalI and KpnI sites are underlined). The sequence of PCR product was confirmed using two primers for the sequencing reaction: 5 0 -ACAGCCTGCCTGACCTCAGC-3 0 and 5 0 -AA-TACGACTCACTATAGGGAGCT-3 0 . This PCR fragment was digested by restriction enzymes EcoRI and SalI and then ligated with the previous EcoRI/SalI-cut pGEM-9-HER2 vector containing the extracellular domain of ErbB-2. The ligated plasmid designated as pGEM-9-HER2T contains the DNA fragment encoding the extracellular domain, transmembrane domain, and a part of the cytoplasmic domain (10 amino acids). The pGEM-9-HER2T plasmid was then digested by KpnI and NotI enzymes to release the insert, which was further ligated with a KpnI/NotI-cut pcDNA 3.1 A vector. The ligated product, designated as pc3.1 A-HER2T-Myc, is a CMV promoter-driven expression vector that expresses a mutant of ErbB-2 tagged with the Myc and 6 Â His epitopes on its C-terminus.
Cell growth curve
To investigate the growth rate of different LNCaP cells in the steroid-reduced condition, cells were seeded at a density of 2 Â 10 4 cells/cm 2 in six-well culture plates in the regular culture medium. Three days after seeding, the medium was replaced by a steroid-reduced medium. The concentration of testosterone in this steroid-reduced medium was less than 5 pm, while the K d values of androgen to its receptors in these cells were about 3 nm (Horoszewicz et al., 1983) . After 48 h starvation, one set of attached cells was trypsinized, harvested, and counted as day 0. The remaining cells were fed with fresh steroid-reduced media and the total cell numbers were counted on days 3, 6, and 10, while fresh medium was added to the remaining cells on days 3 and 6. The cell counting was performed by a Coulter Counter (Coulter s Z1, Coulter Corporation, Miami, FL, USA) (Lin and Meng, 1996; Meng and Lin, 1998; Lin et al., 2000; Meng et al., 2000) .
Immunoprecipitation and immunoblotting
Subconfluent cells were harvested by scraping. The pelleted cells were rinsed with ice-cold 20 mm HEPES-buffered saline, pH 7.0, and then lysed in ice-cold cell lysis buffer containing protease and phosphatase inhibitors (i.e., 20 mm HEPES, pH 7.0, 0.5% deoxycholic acid, 0.15 m NaCl, 0.1% SDS, 1% Nonidet P-40, 4 mm EDTA, 10 mm NaF, 0.1 mm ZnCl 2 , 10 mm Na 4 P 2 O 7 , 2 mm sodium orthovanadate, 2 mm phenylmethylsulfonyl flouride, 1 trypsin-inhibitory unit of aprotinin, 4 mm leupeptin, and 1 mm pepstatin A). The lysates were spun at 1600 Â g for 10 min at 41C. The protein concentration of the supernatant was determined by using a Bio-Rad Protein Assay kit. The immunoprecipitation of ErbB-2 was performed as described previously (Meng et al., 2000; Lin et al., 2001a; Zhang et al., 2001 ). The immunocomplexes were spun at 700 Â g for 5 min, washed 4 times with ice-cold lysis buffer, and resuspended in an SDS-PAGE sample buffer.
For immunoblotting, an aliquot of the total lysate protein (30 mg), the supernatant of immunoprecipitated complexes, and an equal aliquot of conditioned medium in SDS-PAGE sample buffer were electrophoresed and transferred to a nitrocellulose filter (Micron Separation Inc., MA, USA). Filters were incubated with corresponding Abs, and the proteins were visualized by an ECL detection system Meng et al., 2000) . For rehybridization, the filters were stripped with a stripping buffer (62.5 mm Tris-HCl, pH 6.8, 100 mm b-mercaptoethanol, and 2% SDS) at 501C for 30 min. After two washes with TBST buffer (20 mm Trisbuffered saline, pH 7.5, containing 0.1% Tween 20), the filters were reacted with specific Abs, and the signal was detected by the ECL method.
Trypan blue exclusion assay
This method is based on the breakdown in membrane integrity determined by the uptake of trypan blue. Live cells are normally impermeable to this reagent. The assay was used to measure the proportion of dead cells after treatment with inhibitors. After 24 h of inhibitor treatment, cells were trypsinized, stained with 0.2% trypan blue, and counted by a hemocytometer to distinguish the live and dead cells.
Semiquantification
The relative tyrosine phosphorylation level of ErbB-2, phosphorylation levels of MAP kinases, and the secreted level of PSA were semiquantified by densitometric analyses of autoradiograms with different exposure periods using Molecular Dynamics equipment and its software program. The phosphorylation level was normalized to the protein level. The secreted level of PSA was normalized to the respective cell number.
Abbreviations
PAcP, prostatic acid phosphatase; PSA, prostate-specific antigen; FBS, fetal bovine serum; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; Ab, antibody; ECL, enhanced chemiluminescence; AR, androgen receptor; IgG, immunoglobulin G; HA, hemagglutinin; MEK, MAP kinase/ERK kinase; ERK, extracellular signalregulated kinase; MAP kinases, microtubule-associated protein kinases or mitogen-activated protein kinases; p-Tyr, phosphotyrosine.
